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The purpose of the investigation has been to determine how the immune animal protects itself from the substance (antigen) against which it is immunized. Certain proteins have been selected as antigens because they are readily recognizable by specific precipitation. By means of this reaction their absorption from the site of injection and distribution throughout the body can be followed. Since the serum reactions of animals treated with antigens of bacterial origin are in considerable part similar to those produced by foreign proteins, observations made with these substances may point the way to a better understanding of bacterial immunity.
Protein substances such as horse serum and egg white injected into a normal animal readily pass from the site of injection into the circulating blood and are demonstrable in the serum during a period in most instances lasting from 7 to 9 days after injection. Egg white passes through the kidneys and may be demonstrated in the urine by means of the precipitin test. In a preceding study' I have shown that with the progress of immunization these antigens injected into the subcutaneous tissue or into the peritoneal cavity enter the circulating blood with decreasing readiness. In well immunized animals the substance fails to enter the circulating blood and cannot be demonstrated in the serum even though tests are made by the usual method of specific precipitation within the first few hours after injection. By injecting massive doses the capacity of the immunized animal to prevent entrance of the antigen into the blood may be over- 'Opie, E. L., J. Immunol., 1923, viii, 55. come but in this instance the antigen persists in the serum a much shorter time in the immune than in the normal animal. Doerr and Pick 2 injected horse serum (1 to 2 cc.) into the peritoneal cavity of guinea pigs and examined the blood for antigen by means of the precipitin test. They found that it appeared in the blood of "sensitized" guinea pigs much more quickly than in the blood of normal animals. The sensitized animals had been injected with 0.1 cc. of horse serum 2 weeks before the experiment. Their observations repeated with the same result by Smith and Cook have little significance in relation to the problem considered in this paper.a
The absorption of antigen from the site of intracutaneous injection has been studied in guinea pigs by Smith and Cook. They reach the conclusion that injected serum disappears very rapidly from the site of injection in immunized animals, less rapidly in sensitized, and least rapidly in normal animals. In one experiment with uncertain result they studied two sensitized, two immune, and one normal animal. In a second experiment two sensitized, two immune, and two normal animals were used. Four injections at intervals of 12 hours were made into each animal and the desensitizing action of the first injection was not taken into consideration. The observations which I shall describe do not agree with those of Smith and Cook.
With the failure of antigen to enter the circulating blood of the immunized animal' in view, experiments have been undertaken to determine if it is held at the site of injection. It is noteworthy that the local reaction following injection differs widely in the normal and immune animal. The well known observations of Arthus have shown that foreign protein such as horse serum injected into the skin of a normal rabbit is absorbed without evident inflammatory reaction, whereas injected into the skin of an animal which has received five, six, or seven injections of the same antigen at intervals of 5 or more days there is intense inflammation. Abundant inflammatory edema occurs in a well localized area and there is necrosis of the skin and underlying tissue about the point of introduction of antigen.
In the first series of experiments crystalline egg albumin was employed in preference to horse serum or egg white which are complex mixtures of a variety of proteins. This substance acts as a simple antigen. Former experiments have shown that it causes complete disappearance of precipitin when injected in sufficient quantity into an immune animal and in consequence reactions for antigen and antibody are not obtained with the same blood.'
Disappearance of Crystalline Egg Albumin from the Site of Injection in Normal Rabbits.
A constant quantity of crystalline egg albumin, namely 0.5 cc. of a 5 per cent solution has been injected by means of a fine needle into the dermis over the abdomen. For convenience all results have been recorded in terms of this 5 per cent solution which represents the concentration of antigen received by the animal. At various intervals after injection skin has been removed and extracted with salt solution. A weighed amount of skin has been treated with salt solution in volume ten times its weight. Extraction has been facilitated by reducing the skin to a fine pulp by scraping with a knife and in earlier experiments by grinding in a mortar. The extract has been cleared by centrifugalization and repeated filtration through several layers of filter paper. It is essential that cellular debris and fat be removed so that the solution is clear or opalescent. During the latter part of the investigation centrifugalization at high speed was found sufficient.
The extracts were tested with the sera of rabbits highly immunized against crystalline egg albumin. 1 cc. of the diluted extract was treated with 0.2 cc. of the immune serum. The method of estimating the concentration of antigen in the extract is illustrated below. The relation of weight of tissue to volume of water does not permit an exact estimate of the concentration of the antigen in the tissue but dividing by 10 gives a figure which is below that of the actual content and is comparable from one experiment to another. In later experiments with horse serum this error has been corrected.
Into the dermis of a normal rabbit (Rabbit 1) 4 was injected 0.5 cc. of a 5 per cent solution of crystalline egg albumin. After 24 hours the animal was killed and skin weighing 1.38 gin. removed from the site of injection was used for the preparation of an extract by addition of 13.8 of salt solution. For control a similar extract was prepared from 1.13 gm. of skin removed from the opposite side of the abdomen. These extracts were tested for antigen with two sera from rabbits repeatedly injected with crystalline egg albumin.
Extract from site of injection tested Extract from normal skin tested with with 0.2 cc. of serum.
0 The strength of the two sera used in this experiment is indicated by the following tests made in the usual manner. Comparison between the tests for antigen in extracts from the site of injected crystalline egg albumin and the foregoing tests made with known dilutions of the antigen indicates that the antigen was present in the extract in concentration of 1/2,500 and in the tissue of approximately 1/250.
The blood serum of the animal drawn 24 hours after injection of the antigen gave a reaction for crystalline egg albumin in dilution of 1 :5 representing a concentration of antigen within the serum of approximately 1/10,000.
An extract was prepared from 1.38 gm. of skin removed 2 days after the injection of 0.5 cc. of 5 per cent crystalline egg albumin (Rabbit 4). This extract was tested with a serum which formed a precipitate with the antigen diluted 1:100,000. Comparison with tests made by using known dilutions of the antigen indicates that the concentration of antigen in the extract was 1/500. Crystalline egg albumin was not found in the blood serum.
Tests for antigen were made with an extract prepared from skin, 3 by 2 cm., excised at the site of injection of 0.5 cc. of 5 per cent solution of crystalline egg albumin introduced 3 days before the animal (Rabbit 5) was killed. Similar tests were made with an extract of skin removed from the opposite side of the abdomen. Each extract was tested with two strong sera (with titer of 1: 50,000) from rabbits (Rabbits 2 and 3) which had received crystalline egg albumin and normal serum was used as control. Tests with dilutions of the extract varying from 1:2 to 1:500 were uniformly negative. The blood serum of the rabbit 3 days after injection of crystalline egg albumin contained none of the antigen.
An extract prepared from 0.672 gm. of skin 3 days after the injection of 0.5 cc. of 5 per cent solution of crystalline egg albumin into a normal rabbit (Rabbit 6) was tested for the antigen by means of a strong serum with titer of 1: 50,000 (from Rabbit 3, repeatedly injected with crystalline egg albumin) and the result was negative. The blood contained none of the antigen.
These experiments have shown that crystalline egg albumin injected into a normal animal disappears rapidly from the site of injection and at the end of 3 days is no longer demonstrable. The substance enters the blood but disappears very quickly and has not been found after the 1st day. In this respect crystalline egg albumin differs from horse serum which persists during at least 1 week. Crystalline egg albumin is readily demonstrated in the urine of normal rabbits during the first 24 hours after intradermic injection. Examination of the urine for horse serum under similar conditions has been uniformly negative.
Disappearance of Crystalline Egg Albumin from the Site of Injection in Immune Rabbits.
Rabbits were immunized against crystalline egg albumin by five or more injections of 0.5 cc. of a 5 per cent solution introduced into the subcutaneous tissue of the back. The test injection was made into the dermis of the abdominal wall and was in all instances followed by inflammatory swelling with necrosis (Arthus phenomenon).
Rabbit 7 which had been immunized against crystalline egg albumin was given an intradermic injection of 0.5 cc. of a 5 per cent solution of the substance. 24 hours later there were extensive swelling and necrosis of the skin. Extracts were prepared (a) from the necrotic dermis together with a narrow margin of living skin (1. 587 gm. with 15.87 cc. of salt solution) and (b) from the edematous subcutaneous tissue below the site of injection (1.97 gm. with 19.7 cc. salt solution.) These extracts were tested for antigen by means of an immune serum. Crystalline egg albumin (0.5 cc.) was injected into the dermis of Rabbit 2 which had been many times injected with the antigen. The serum of this animal exhibited a precipitin reaction with the antigen solution diluted 1:100,000. An intense reaction followed the injection and there was edematous swelling in an area 7.1 by 5.8 cm. with extensive necrosis of the skin. Necrotic skin and underlying tissue (1.35 gm.) removed by operation under ether anesthesia were extracted with salt solution (13.5 cc.). Tests for antigen were as follows: Estimated with the same result by means of sera from Rabbit 2 and from Rabbit 8 the concentration of antigen at the site of injection after 3 days is 1/250. There was no antigen in the serum of Rabbit 3 and the precipitin titer 3 days after injection was 1:100,000.
Rabbit 7 which had been repeatedly injected with crystalline egg albumin received in the dermis 0.5 cc. of the solution. Extensive swelling over an area 8.6 by 7 cm. occurred at the site of injection and there was a focus of necrosis at its center. Swelling was still present after 4 days, when the site of injection was removed and used (0.97 gm.) for the preparation of an extract. The result of tests for antigen made with this extract were as follows:
Extract from site of injection tested with 0.2 cc. of serum. 1 cc. of dilution of extract.
From Rabbit 3. From normal rabbit. Into the dermis of Rabbit 2 which had received many injections of crystalline egg albumin was injected 0.5 cc. of a 5 per cent solution of the antigen. Extensive swelling occurred in an area 7 by 6 cm. and there was necrosis of skin in a triangular area 2.5 by 4.5 cm. Swelling persisted little diminished during 5 days when the animal was killed and tissue was removed for examination. Separation of the necrotic from the living skin had begun. The surrounding swollen tissue when sectioned was found to be edematous but firm grayish white and in places indurated. Extracts were made (a) from the necrotic skin separated from the adjacent tissue (2.65 gm. with 26. The figures representing the concentration of antigen in the tissue are comparable throughout. Living tissue containing a small focus of necrosis removed from immune Rabbit 7, 24 hours after injection was tested for antigen and the result is included in the table below. In immune Rabbit 2, 5 days after injection antigen was foufid to have persisted in the necrotic tissue which was in process of sequestration but none was found in the surrounding living tissue. The rate of disappearance of crystalline egg albumin from the site of injection in normal and immune animals as indicated by the foregoing experiments is shown by the following table.
Normal.
Immune. Crystalline egg albumin introduced into the skin of normal animals disappears very rapidly from the site of injection and is no longer demonstrable after 3 days. In immune animals it is held in greater concentration at the site of injection, diminishes slowly, and has not disappeared until the 5th day. My former observations have shown that crystalline egg albumin injected into a normal rabbit enters the blood and is demonstrable in the blood serum; furthermore, it is excreted in the urine. In an immune animal, on the contrary, crystalline egg albumin has failed to enter the blood and in the few instances in which the urine has been tested the result has been negative. The immunized animal has acquired the ability to fix this relatively diffusible substance at the site of introduction so that it is not disseminated by the circulating blood.
Disappearance of Horse Serum from the Site of Injection in Normal and
in Immune Animals.
Since horse serum has been used in many investigations concerning the relation of antigen to antibodies it has been considered desirable to repeat with this substance the foregoing experiments. Horse serum is evidently less diffusible than crystalline egg albumin and in the tests which I have made, 0.5 to 1 cc. of horse serum being injected into the skin, has failed to enter the urine either in the normal or in the immune animal. Like crystalline egg albumin it enters the blood of the normal animal but fails to make its appearance in the blood serum of immunized animals.
In each of the following experiments 0.5 cc. of horse serum was injected into the dermis over the abdomen of a normal rabbit. At the end of 1, 2, or 3 days after the injection the animal was killed by bleeding from the femoral artery under ether. The site of injection was not marked by any swelling but on section after 24 hours it contained a slight excess of fluid which had wholly disappeared after 2 days. Skin from the site of injection was scraped to a fine pulp with a knife and extracted with a measured quantity of salt solution as in the foregoing experiments. For control a piece of skin from the opposite side of the abdomen was subjected to the same treatment. The extract was tested for the presence of horse serum by adding 0.2 cc. of anti-horse serum from rabbit to dilutions of the extract.
Rabbit 9 was killed 24 hours after injection of horse serum and a weighed quantity of skin from the site of injection (3.95 gm.) was extracted with a volume of salt solution ten times this weight; skin from the opposite side of the abdomen (3.55 gm.) was used as control. Comparison of these reactions with those obtained by adding immune serum to known dilutions of horse serum showed that the concentration of horse serum remaining in the tissue 24 hours after injection was 1/15.
In the next experiment Rabbit 11 was killed after 2 days and extracts were prepared as before from the skin at the site of injection (0.515 gm.) and from the opposite side of the abdomen (0.365 gm.). Concentration of the horse serum remaining in the skin at the site of injection was approximately 1/100. Precipitin tests made with the blood serum of this animal showed that horse serum was present and comparison with known dilutions of horse serum showed that its concentration was 1/500.
A similar experiment (Rabbit 12) performed with skin removed 3 days after the injection of horse serum showed that the antigen had so completely disappeared from the site of injection that it was no longer demonstrable by strong anti-horse serum from the rabbit.
In the following experiments horse serum (0.5 cc.) was injected into the dermis over the abdomen of rabbits which had been immunized by subcutaneous injections of horse serum (1 cc.) repeated at intervals of 5 days. An intense inflammatory reaction (Arthus phenomenon) occurred at the site of injection; there was abundant edema in a circumscribed area, and necrosis of the skin and underlying subcutaneous tissue occurred in the center of the swollen area at the point of introduction of the antigen.
2 days after the introduction of 0.5 cc. of horse serum into the dermis of Rabbit 13, which had received eight injections of the antigen, there was swelling in an area 6 by 3.5 cm. raised about 1 cm. above the general level of the surface and near the center of this area there was a spot of purplish black necrosis 1.1 cm. across. A piece of skin 3 by 2 cm. containing the central spot of necrosis weighed 2.36 gm. and was extracted with 23.6 cc. of salt solution. The remainder of the edematous area weighing 17.72 gm. contained red serous fluid which was readily pressed from the tissue by scraping with a knife; 2.65 gm. of this fluid were mixed with 2.65 cc. of salt solution.
Extract from skin showing necrosis with.
Serous effusion from edematous skin with. Comparison between these reactions and those of known quantities of horse serum indicates that the concentration of the antigen in the skin with necrosis was 1/20 whereas that in the serum from the edematous tissue was approximately the same.
Experiments in which extracts were prepared from the inflammatory tissue at the site of injection, 3 (Rabbit 14), 4 (Rabbit 15), and 6 days (Rabbit 16, tissue removed by operation) after horse serum had been introduced into the dermis of well immunized animals showed that the antigen was no longer demonstrable by the precipitin test.
Concentration of antigen at the site of injection 1 and 2 days after introduction of 0.5 cc. of horse serum into a normal animal was, respectively, 1/15 and 1/100, whereas 2 days after injection into an immune animal the concentration was 1/20 indicating that the absorption proceeded more slowly in the latter. Nevertheless both in the immune and in the normal animal antigen has disappeared after 3 days.
The concentration of antigen in the excised skin does not furnish an accurate measure of the quantity of antigen remaining at the site of injection, for in the normal animal there is no evident reaction, whereas in the immune animal there is an inflamed and edematous focus which excised 1 or 2 days after injection weighs approximately 20 gm. The antigen in the immune animal has been diluted by a large accumulation of edematous fluid. Concentration of antigen in the fluids of the tissue would furnish a means of estimating its total quantity provided the volume of fluid in the tissue were known.
Tissue removed has been cut into two parts; one part has been extracted with the purpose of determining the concentration of antigen, and the other has been dried at 100°C. to a constant weight to determine the ratio of water to solid material. A simple calculation will determine the total volume of water in the excised tissue of which the weight is known and from the concentration of antigen as determined by the precipitation test the quantity of antigen in the tissue is deduced. In the following experiment the quantity of antigen remaining in the skin 24 hours after injection into a normal animal is compared with that present after the same interval in an immune animal.
At the end of 24 hours after injection of 0.5 cc. of horse serum into the dermis of normal Rabbit 17 precipitation tests showed that the antigen had entered the blood serum and was present in concentration of 1/500. (a) To determine the quantity still present at the site of injection a large oval patch of skin 7.5 by 4 cm. was removed. (b) To determine the extent of diffusion within the skin a zone of skin surrounding (a) and 1.5 cm. broad was removed; (c) a second zone surrounding (b) and with the same breadth was preserved for examination. In each instance part of the tissue removed was extracted with normal salt solution and examined for antigen by the precipitin test; part was desiccated at 100°C. to determine the water content. Approximately one-third of the injected protein is recoverable at and about the site of injection. Wide diffusion of the horse serum has occurred within the skin so that it is present in small quantity in a zone 3 cm. from the point of introduction.
Concentration
The same method was employed to determine the fate of protein injected into immune Rabbit 18. Its blood caused a precipitate with horse serum diluted 1:100,000. At the end of 24 hours following the intradermic injection of 0.5 cc. of horse serum no antigen was demonstrable in the blood serum. There were extensive swelling and necrosis at the site of injection which was included in (a) an oval piece of skin measuring 13 by 5 cm. A zone of skin (b) 1.5 cm. across surrounding the inflamed area was excised for examination and extracts were prepared. The blood serum was tested for the presence of horse serum with negative result.
Tests made 24 hours after injection of the antigen give the most definite indication concerning the fate of antigen at the site of introduction for at a later period antigen disappears both in the normal and in the immune animal. In the normal animal only one-third of the antigen has been recoverable in a wide area of skin surrounding the point of injection and the extraction of contiguous zones of skin has shown that widespread diffusion has occurred within the skin itself. Furthermore the antigen has entered the blood and has been carried to all parts of the body. In the immune animal, on the contrary, almost all of the antigen has been accounted for at the site of injection, namely 0.459 cc. of 0.5 cc. injected. It has been limited to the focus of inflammation and has not been demonstrable in the surrounding zone of skin. None has been found in the blood.
The attempt was next made to extract and measure directly the entire amount of protein retained in the tissue at the site of injection. The excised skin was covered with distilled water and allowed to stand in the ice chest during 1 or 2 days; the tissue, now softened and distended by the water, was scraped to a pulp and again permitted to stand overnight. The mixture was centrifugalized and the fluid which separated was poured off and measured. The material which settled to the bottom was weighed with the tube, dried to a constant weight at 100 0 C., and again weighed to determine the amount of water. The concentration of horse serum in the centrifugalized fluid was determined by the precipitin test and the total quantity of fluid being known, the quantity of antigen in solution was determined.
An extract was prepared from the skin removed 24 hours after injection of 0.5 cc. of horse serum into the dermis of normal Rabbit 19. The skin excised from the site of injection (a) was oval measuring 18 by 10 cm. A zone of skin (b) surrounding this oval patch and 1 to 1.5 cm. broad was excised in order to determine how far the antigen had diffused in the tissue surrounding the point of introduction. The figures obtained were as follows: The injected protein had not only entered the blood but had diffused so widely in the tissue that it was found more than 5 cm. from the point of introduction.
The same experiment was repeated with Rabbit 16 which was well immunized. Introduction of 0.5 cc. of horse serum was followed by extensive inflammatory edema with necrosis. The inflamed area was excised and extracted with distilled water. The following figures were obtained. The blood serum of the rabbit was examined for horse serum with negative result.
This experiment comparing normal and immune animals confirms the preceding experiment (Rabbits 17 and 18) for in the normal animal only half of the antigen has been recovered at the site of injection; it has diffused widely in the tissue and has entered the blood. In the immune animal almost all of the injected antigen is still present within the inflamed tissue at the site of its introduction and none is demonstrable in the blood.
The experiments show that crystalline egg albumin injected into a normal animal leaves the site of injection with much greater rapidity than horse serum. The substance appears to pass very readily not only through vascular endothelium but through the kidney as well so that it appears in the urine and is eliminated from the blood. The immune animal has acquired the ability to fix this readily diffusible substance at the site of its introduction. The possibility that the antigen enters the blood in very small quantity cannot be excluded but none has been demonstrable. The substances which have been employed are relatively though by no means absolutely harmless so that the protection afforded by local fixation is not obvious. Nevertheless it is evident that injurious action of the antigen in the immune animal will be limited almost wholly to the site of its entry.
It is noteworthy that the substances employed produce little recognizable local change when injected into a normal animal, but in the early stages of immunity edematous swelling, accumulation of polynuclear leucocytes, and other manifestations of acute inflammation follow entry of the foreign protein. In a well immunized animal, necrosis of tissue shows the severity of the injury. These changes constitute the phenomenon of Arthus which is incorrectly designated skin hypersensitiveness.
The data available do not explain how the protein injected into the immune animal causes inflammatory exudation and destruction of tissue. Contact of horse serum such as occurs at the site of injection in the normal animal during the first 24 hours is insufficient to produce these changes even though the concentration of antigen is as great as that in the immune animal. Specific precipitation of protein doubtless occurs in the immune animal and has a part in the local fixation of antigen and in the production of inflammation. The occurrence of the inhibition zone in the precipitation reaction indicates that excess of antigen will for a time prevent formation of precipitate at the point of injection where the concentration of antigen is highest (e.g. 1/20 to 1/50) but with diffusion of antigen into adjacent tissue a dilution would be reached favorable to the formation of precipitate. Previous experiments have shown that precipitation occurs when antigen and precipitin come together in the blood serum and there is no reason to doubt that specific precipitation occurs within the fluids of the tissue.
Injection of washed precipitate formed by the action of precipitin upon horse serum has shown that the precipitate is strongly chemotactic for polynuclear leucocytes. It is probable that the destruction of injected antigen is brought about by intracellular digestion. With immunization the animal acquires the ability to fix antigen at the site of introduction thus preventing its dissemination throughout the body. Local fixation of antigen is associated with acute inflammation and even with necrosis of tissue, but destruction of the antigen occurs in the inflamed tissue at the site of fixation. The apparent susceptibility of the protected animal to local injury of tissue is a paradox explained by changes which serve to protect the organism as a whole.
CONCLUSIONS.
When proteins such as horse serum or crystalline egg albumin which have been selected because they produce the phenomena of immunity are introduced into a normal animal they diffuse widely in the tissue, enter the blood stream, and are disseminated throughout the body.
The same substances introduced into an immune animal are fixed at the site of entry and are not found in the blood.
When protein is injected into the skin of an immune animal acute inflammation (Arthus phenomenon) occurs at the site of injection and brings about destruction of the foreign substance.
